IS LASER-INDUCED NUCLEATION DUE T O A BULK LONG-WAVELENGTH INSTABILITY?
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IFF, KFA Jiilich, 0-51 70 Jiilich, Postfach 1913, PI-Germany. Abstract.-The s p e c u l a t i v e suggestion i s made t h a t laser-Induced Nucleation of s i n g l e c r y s t a l s from amorphous t h i n f i l m s i s due t o an i n s t a b i l i t y of t h e system a g a i n s t c e r t a i n long-wavelength f l u c t u a t i o n s , analogous t o spinodal decomposition of binary mixtures.
I t i s t h e purpose of t h i s note t o d i s c u s s
l a s e r annealing of t h i n amorphous semiconduc t o r f i l m s / 1 , 2 / and t h e mechanisms which have been suggested t o e x p l a i n it /1,3,4/, applying t h e view p o i n t of n u c l e a t i o n theory /5-7/.
A s a r e s u l t , a mechanism of r e c r y s t a ll i z a t i o n i s suggested which s l i g h t l y d i f f e r s from t h e o t h e r approaches /3,4/.
I n t h e standard approach /3/ one assumes t h a t t h e whole mornhous l a y e r (and eventuall y g a r t of t h e s i n g l e c r y s t a l s u b s t r a t e ) i s molten i n t o a more o r l e s s o r d i n a r y l i q u i d during t h e d u r a t i o n of t h e l a s e r pulse ; when t h e molten l a y e r a f t e r w a r d s cools down i t f i n a l l y c r y s t a l l i z e s by e p i t a x i a l growth from t h e s u b s t r a t e ( i . e . , quick motion of t h e l i q u i d -c r y s t a l i n t e r f a c e when t h e l i q u i d i s s t r o n g l y enough supercooled, i n o r d e r t o enable a r e c r y s t a l l i z a t i o n completed during a time of about 1 0 -s. ) . Many arguments have been given /4/ which shed doubt on t h i s hypothesis. A p a r t i c u l a r convincing counterargument i s t h e observation /2/, t h a t f a i r l y l a r g e simple c r y s t a l l i n e domains can a l s o be produced without having a s i n g l e c r y s t a l l i n e s u b s t r a t e of t h e same m a t e r i a l . The standard explanation of such an observation would be t h a t t h e s i n g l e c r y s t a l s o r i g i n a t e d from presumably heterogeneous) n u c l e a t i o n . This explanation wkll be examined below.
Van Vechten /4/ suggested another mechaphonon frequencies and a s s o c i a t e d e l a s t i c c o n s t a n t s vanish a t t h i s t r a n s i t i o n . Here, of course, t h e question a r i s e s : how can t h e r e e x i s t a second-order phase v e r s i o n of t h e t h e o r y i s a well-defined a n I' o r d e r parameter" $/8/ of t h e t r a n s is h a r p l i n e /9/) one e n t e r s a regime o f genet i o n f o r t h e subvolume. I n a b i n a r y m i x t u r e , r a l i n s t a b i l i t y o f t h e system w i t h r e s p e c t t h i s o r d e r parameter J, i s a c o n c e n t r a t i o n t o f l u c t u a t i o n s . energy o f t h e t o t a l system wants t o become a minimum, one can d e r i v e t h e f o l l o w i n g While i n t h e m e t a s t a b l e regime t h e energy e q u a t i o n f o r t h e time e v o l u t i o n o f longb a r r i e r d e t e r m i n e s t h e r a t e a t which t h e pha-wavelength (X = 2s/k) o r d e r parameter f l u cs e t r a n s f o r m a t i o n proceeds v i a n u c l e a t i o n -+ t u a t i o n s 6 J , ( k , t ) , i n l i n e a r i z e d approximae v e n t s , o c c u r i n g independently of each o t h e r t i o n s /9-12/ w i t h a r a t e J = v exp(-AF/lcgT),
where va i s t h e " a t t e m p t frequency", t h i s Qi p i c t u r e b r e a k s down i n t h e u n s t a b l e regime: Here t h e d e n s i t y of u n s t a b l e c l u s t e r s o r f l u --F ( k t ) ;
c t u a t i o n s (which grow i n s t e a d of d e c r e a s i n g h e r e r (k) i s a k i n e t i c f a c t o r , 1 K ( v J , )~ ~, , i t h time) i s s o l a r g e t h a t t h e y s t r o n g l y 2 d e s c r i b e s a s t a t i c g r a d i e n t eneegy (M > O ) , i n t e r a c t with ezch o t h e r , and A? i , s no and n (E,t) a random n o i s e term due t o l o n g e r a ver\r mmningful parameter. short-wavelength f l u c t u a t i o n s . I n t h e uns-I t i s convenient t o a n a l y z e what happens t a b l e regime f o r s m a l l enough k t h e s q u a r e i n t h e u n s t a b l e regime by i n t r o d u c i n g a coar-bracket in ( 2 ) is negative, and se-grained f r e e energy F i . e . t h e f r e e cg' f l u c t u a t i o n s i n c r e a s e e x p o n e n t i a l l y f a s t . energy a finite subvolume the 'ystem Of 
course, t h i s i n v a l i d a t e s t h e use of the l a r g e enough t h a t i t i s meaningful t o d e f i n e linearization approximation for the descrip t i o n of t h e l a t e r s t a g e s of t h e phase transformation (and t h e treatment of t h e nonl i n e a r c a s e i n f a c t i s s t i l l a formidable
problem / 6 , 1 0 , 1 1 . ) / I n equation (2) t h e r e i s an important d i fference between t h e casewhere t h e order parameter $ ( 0 , t ) i s a "conserved" q u a n t i t y [i .e. d / d t $ (0, t ) -07, where r (k) = p.fk2, I\I being some m o b i l i t y f a c t o r , , and t h e case where i t i s n o t conserved, where T(k+O)+ const. Although f l u c t u a t i o n s i n c r e a s e i n both c a s e s , t h e r a t e of i n c r e a s e i s very small i n t h e conserved c a s e f o r long wavelengths, while i n t h e nonconserved case t h e r a t e of i n c r e as e i s b a s i c a l l y a microscopic frequency. A s a r e s u l t , only i n t h e conserved case l i k e i n binary mixtures where t h e order parameter, a c o n c e n t r a t i o n d i f f e r e n c e , i s conserved because t h e chemical composition of t h e t o t a l system i s held constant] t h e r e so f a r has been a chance of observing t h i s "spinodal decomposition" mechanism, a s one c a l l s t h i s growt? of u n s t a b l e modes /9/. I n t h e nonconserved c a s e , t h i s hardly could be observed because i n an experiment t h e d e s i r e d undercooling AT can never be reached i n s t a ntaneously, b u t only with a f i n i t e r a t e AT/ d t . Since i n equation ( l ) v a i s s u f f i c i e n t l y l a r g e and A F s u f f i c i e n t l y small ( a t l e a s t c l o s e t o c e r t a i n d e f e c t s , i m p u r i t i e s o r s u rf a c e s ) , n u c l e a t i o n w i l l occur i n t h e metast a b l e regime already. Since i n t y p i c a l experiments ( s e e Ref ./7/) t h e f i n a l undercoo l i n g AT i s reached during a time of t o I s, and one i s i n t e r e s t e d i n a complet i o n of t h e phase transformation d u r i n g a s i m i l a r time-scale, t h e r e i s no chance a t a l l t o s e e a phase transformation on t h e b a s i s of t h i s mechanism where long-wavel e n g t h -f l u c t u a t i o n s grow, s i n c e it i s superceded by n u c l e a t i o n during t h e cooling. I t is speculated here t h a t i n "laser-induced n u c l e a t i o n " , where t h e c h a r a c t e r i s t i c times a r e of order 1 o -~ s , t h e s i t u a t i o n might be d i f f e r e n t : going through t h e metastable regime on such a quick time-scale t h e r e i s more chance t h a t o r d i n a r y n u c l e a t i o n does not ,come i n t o play, and hence one might reach t h e spinodal o r u n s t a b l e regime. The concept of such a bulk long-wavelength i n st a b i l i t y would account f o r t h e observation t h a t f a i r l y l a r g e coherent s i n g l e -c r y s t a ll i n e domains a r e formed. The nonlinear terms neglected i n equation (2) t o g e t h e r with t h e e f f e c t of boundary c o n d i t i o n s should l e a d t o a s e l e c t i o n of t h e most f av o r a b l e mode o u t of t h e band of u n s t a b l e modes, which then s u r v i v e s i n a p a r t i w l a r case. One does i n f a c t expect, t h a t t h e coarse-grained f r e e energy of t h e amorphous f i l m before t h e l a s e r p u l s e i s q u a l i t a t i v el y s i m i l a r a s i n f i g u r e 2, c a s e ( a ) , w i t h $. = 0 (no p e r i o d i c arrangement p r e s e n t ) .
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The hypothesis hence i s t h a t even f o r t h i s phenomenon f a r from thermal equilibrium one can introduce a f u n c t i o n a l which would play t h e r o l e of a coarse-grained f r e e energy i n thermal equilibrium, and t h a t t h i s f u n c t i on a l immediately before c r y s t a l l i z a t i o n has t h e shape of f i g u r e 2 ( b ) . With l e s s l a s e r power, on t h e o t h e r hand, one would expect t h a t one would g e t an i n t e r m e d i a t e c a s e , where F before c r y s t a l l i z a t i o n looks cg q u a l i t a t i v e l y a s i n f i g u r e 2 ( a ) , b u t t h e energy b a r r i e r A F i s s t r o n g l y reduced. I n such a case where t h e phase transformation s t i l l s t a r t s w e l l i n s i d e t h e m e t a s t a b l e regime one would expect n u c l e a t i o n and growth, b u t with a comparatively high dens i t y of c r i t i c a l n u c l e i . This should l e a d t o a p o l y c r y s t a l .
With t h e p r e s e n t information, one can hardly make t h e s e s p e c u l a t i o n s more q u a n t it a t i v e and hence prove o r d i s p r o v e them. The p r e s e n t arguments say n o t much about t h e p h y s i c a l n a t u r e of t h e i n i t i a l s t a t e before c r y s t a l l i z a t i o n , and hence presumab l y a r e c o n s i s t e n t with both t h e " h o t l i q u i d " o r " c o l d -l i q u i d " p i c t u r e .Microscop i c t h e o r i e s f o r t h e nonlinear t r a n s p o r t phenomena occuring due t o t h e i r r a d i a t i o n /13/ a r e c e r t a i n l y an important f i r s t Step f o r a more q u a n t i t a t i v e a n a l y s i s .
